Herein we report that crotamine, a small lysine-and cysteine-rich protein from the venom of the South American rattlesnake, can rapidly penetrate into different cell types and mouse blastocysts in vitro. In vivo, crotamine strongly labels cells from mouse bone marrow and spleen and from peritoneal liquid, as shown by fluorescent confocal laser-scanning microscopy. Nuclear localization of crotamine was observed in both fixed and unfixed cells. In the cytoplasm, crotamine specifically associates with centrosomes and thus allows us to follow the process of centriole duplication and separation. In the nucleus, it binds to the chromosomes at S/G2 phase, when centrioles start dividing. Moreover, crotamine appears as a marker of actively proliferating cells, as shown by 5-BrdU cell-proliferation assay. Crotamine in the micromolar range proved nontoxic to any of the cell cultures tested and did not affect the pluripotency of ES cells or the development of mouse embryos.
nucleus of cell, where it interacts with microtubules, binds to chromatin, and then segregates to daughter cells (22) . VP22 as well as HIV Tat [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] can transduce large proteins such as β-galactosidase into a wide variety of cell types (5, 7, 15, 23, 24) . Moreover, HIV Tat [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] can translocate efficiently into quiescent cells (9) . These properties make VP22 and HIV Tat [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] efficient delivery systems.
Crotamine is one of the main toxins in the venom of the South American rattlesnake (25) and is responsible for myonecrosis on snake envenomation (26). Crotamine shows high homology with other venom myotoxins (27, 28) and is similar to α-,β-defensins and insect defensins (29, 30) . It is a 42 amino acid-long cationic polypeptide (YKQCHKKGGHCFPKEKICLPPSSDFGKMDCRWRWKCCKKGS-G), containing 11 basic residues (9 lysines, 2 arginines), and six cysteines, involved in 3 disulfide bonds. Crotamine size, primary sequence, and positive charge led us to investigate its cell-penetrating activity.
To access the penetrating capacity of crotamine, we used murine embryonic stem cells (ES), which are derived from the inner cell mass of blastocysts and are known to be pluripotent (31, 32 ). An important feature of ES cells is that they can be induced to undergo a differentiation program in vitro. When cultured in suspension, they spontaneously form aggregates of differentiating cells known as "embryoid bodies" (Ebs; 33). During their formation, the Ebs pass through different stages equivalent to early organogenesis. Between Days 3 and 9, Ebs contain precursors of hematopoietic, endotelial, muscular, and neuronal cell lineages (34-38). The developmentally regulated embryonic stage-specific genes are expressed during this period as in a normal embryo (39). Thus, ES cells represent an adequate model to investigate the penetrating capacity of peptides in pluripotent and differentiating cells.
We evaluated cytotoxicity of crotamine in murine ES cells. In addition, embryotoxicity was tested in vitro, in the pre-implantation stages (morulae-blastocysts) of mouse embryo. The uptake of Cy3-conjugated crotamine (Cy3-crotamine) and its intracellular localization were analyzed in different human cells and murine undifferentiated and differentiating ES cells, as well as, in vivo, in mouse cells from bone marrow, spleen and the peritoneal cavity.
MATERIALS AND METHODS

Purification of crotamine
Crotalus durissus terrificus venom was extracted from snakes maintained at the FMRP serpentarium, São Paulo University, and dried under vacuum. Crude venom (600 mg) were dissolved in 5 ml of 0.25 M ammonium formate buffer, pH 3.5, and the bulk of crotoxin, the major venom component, was eliminated by slow-speed centrifugation as a heavy precipitate that formed upon slow addition of 20 ml of cold water to the solution. Tris-base 1 M was then added drop-wise to the supernatant to raise the pH to 8.8, and the solution was applied to a CMSepharose FF (1.5×4.5 cm; Amersham-Biosciences, Buckinghamshire, UK) column equilibrated with 0.04 M Tris-C1 buffer, pH 8.8, containing 0.064 M NaCl. After the column was washed with 100 ml of equilibrating solution, crotamine was recovered as a narrow protein peak by raising the NaCl concentration of the diluting solution to 0.64 M. The material was thoroughly dialyzed against water (benzoylated membrane, cut off MW = 3000) and lyophilized. Amino acid analysis after acid hydrolysis of a sample (4 N MeSO 3 H + 0.1% tryptamine; 24 h at 115C o ) of a sample indicated yield of 72 mg (14.7 µM) of crotamine (40) and trace amounts of Thr, Ala, and Val (purity >98%).
Labeling of crotamine with the fluorescent dye Cy3
Crotamine (1 mg) was covalently conjugated to the fluorescent dye Cy3 by using the Fluorolink Cy3 reactive dye (Amersham Biosciences). To verify whether crotamine was biologically active after labeling, mice were intraperitoneally injected with sublethal doses of 50 ug of Cy3-crotamine (corresponding to 2.5 mg of toxin/kg body mass). The typical hind-limb paralysis was observed in less than 15 min after injection.
Cell culture
Mouse ES-cell line USP 1 (41), in passages 8-10, were grown onto a feeder layer of γ-irradiated mouse primary embryonic fibroblasts, in Dulbecco's modified Eagle's medium (DMEM; Invitogen, Carlsbad, CA) supplemented with 15% of fetal calf serum (FCS; Invitrogen), 1 mM sodium pyruvate, 1% nonessential amino acid, 0.1 mM β-mercaptoetanol, and 1 × 10 3 U/ml murine leukemia inhibitory factor (ESGRO-LIF; Invitrogen). Human primary skin fibroblasts and a lymphoblastic cell line were cultured in DMEM and in RPMI, respectively, supplemented with 10% FCS without antibiotics. All cell cultures were maintained at 37°C in a humidified atmosphere with 5% CO 2. Human cell donors volunteered for this research, and informed consent was obtained according to the Institutional Ethics Committee requirements.
In vitro differentiation of ES cells
The "hanging drop" method (42), with some modification, was used to induce the differentiation of USP-1 cell line. Briefly, fibroblast feeder-free single-cell suspensions were obtained by harvesting the cells with 0.25% trypsin/EDTA (Invitrogen) from culture dishes, and 25 µl drops (3.5×10 4 cells/ml) were placed onto the lids of 10 cm bacterial-grade culture dishes. The dishes were filled with 5 ml of phosphate-buffered saline and covered with the lids. After three days of "hanging drop" culture in the appropriate ES culture media without LIF, the cells formed aggregates-the Ebs-that were cultured for another two days in 35 mm plates coated with 1% agarose, at 37°C and 5% CO 2 . On Day 5, Ebs were allowed to differentiate in a monolayer on microscope slides.
Embryotoxicity assay
The Ebs were obtained by the aforementioned "hanging drop" method by using medium containing crotamine at different concentrations (100 to 0.1 µM), which was changed every 2-3 days. For the analysis of the toxin localization in developing Ebs, crotamine was replaced by Cy3-crotamine during the last 24 h of incubation. Murine compact morulae (8-16 cells) were flushed from oviducts and cultured for 24 h at 37°C with 5% CO 2 in individual microwells of a standard 96-microwell V-bottom plate (Corning, NY), in M16 medium (Sigma, St. Louis, MO) and Cy3-crotamine (1-0.1 µM). After 24 h of cultivation, the number of normally developed blastocysts in control and experimental groups was counted.
Crotamine uptake
Semi-confluent cultures of pluripotent and differentiating ES cells, human diploid fibroblasts, and endothelial murine s-vec cells were grown onto microscope slides in 24-well plates in appropriate culture media. The cells were incubated 2-3 min to 72 h in the presence of Cy3-crotamine at concentrations between 10 and 0.01 µM or in the presence of Cy3 dye diluted in 1 ml of PBS. In vivo, 1 ml of 1 µM Cy3-crotamine or control Cy3 dye in PBS was injected into mice (strain CD-1) intraperitoneally. After 3 h, the cells from bone morrow, spleen, and peritoneal liquid were isolated. Cells from peritoneal liquid were allowed to adhere for 1 h onto the microscope slides, in RPMI supplemented with 10% FCS without antibiotics at 37°C in a humidified atmosphere with 5% CO 2 . In all experiments cells were washed twice with ice-cold 0.1 M PBS (pH 7.4), fixed with 3.7% formaldehyde in PBS for 15 min, and washed twice in PBS. Microscope slides were mounted in PBS/glycerol (1:1) solution. Alternatively, unfixed cells were washed twice in PBS and immediately observed under confocal microscope.
Chromosome studies
Cy3-crotamine (1 µM) was added to the cultures of USP-1 ES cells, human primary fibroblasts, and lymphoblastic cells for 1, 3, 6, and 24 h. The cells were harvested and treated according to routine cytogenetic protocols without the addition of colchicine. Analysis was performed with a Zeiss II epifluorescence microscope. Digital images were acquired by using a cooled CCD camera (PCO, VC44) and were processed by means of ISIS software (MetaSystem)
Peptide competition assay
To evaluate Cy3-crotamine specific binding to chromatin and centrioles, 1 µM non-labeled crotamine was added to ES cells and murine embryonic fibroblasts for 15 min followed by addition of 1 µM Cy3-crotamine for another 15 min. A similar experiment was performed in vivo by injecting both labeled and unlabeled crotamine into mice. Cy3-crotamine (1 µM) for 15 min was used in controls. All animal procedures were performed in accordance with the institutional guidelines.
5-BrdU labeling and antibodies
The Cell Proliferation Kit (Amersham Biociences) was used to analyze internalization of Cy3-crotamine by actively proliferating cells in differentiating ES cell culture. Briefly, Ebs were obtained by the aforementioned "hanging drop" method at 10 6 cells/ml. Differentiating Ebs were treated with Cy3-crotamine (1 µM) and 5-bromo-2´-deoxyuridine (5-BrdU) at the final concentration of 10 µg/ml for 2 h. After a 2 h post-labeling period, the Ebs were washed twice with ice-cold 0.1 M PBS (pH 7.4), fixed with 3.7% formaldehyde for 10 min, washed in PBS, and permeabilized in 0.1% triton X-100. Slides were incubated with primary FITC-conjugated anti-BrdU antibody 1:500 for 1 h, after blocking with 5% BSA.
Centrioles and spindle microtubules were fixed by following the above described protocol and were immunostained with monoclonal mouse FITC-conjugated anti-α-tubulin antibody 1:50 for 1 h (Sigma).
Confocal microscopy
An argon ion laser set at 488 nm for fluorescein isothiocyanate excitation was used, and the emitted light was filtered with a 515-nm-long pass filter in a laser-scan microscope (LSM 410, Zeiss). Sections were taken approximately at the mid-height level of cells. Photo multiplier gain and laser power were kept constant throughout each experiment.
RESULTS
Non-toxic concentrations of crotamine
Because pluripotency is a conspicuous feature of ES cells that can be lost in altered culture conditions, the effect of 10 and 0.1 µM of crotamine on the pluripotency of the mouse ES cell line USP-1 was tested during three passages. Alkaline phosphatase is active in the undifferentiated cells (43), and its activity was not altered when ES cells were maintained under crotamine treatment (data not shown). The dynamics of embryoid body (Ebs) formation were not impaired, as shown by the number of developed Ebs in experimental and control conditions ( Table 1) , as well as by the typical rhythmic contractions of the heart muscle observed on developmental day 8 (33, 44).
The susceptibility of murine ES and embryonic fibroblasts to crotamine concentrations between 1000 and 0.01 µM was assayed by clonogenicity (45). At concentrations of 10 µM and lower, crotamine exhibited no toxic effects, even after 72 h of exposure, and crotamine-treated cells successfully proliferated for more than 10 passages.
Embryotoxicity of crotamine was investigated by incubating 2.5-day post-coitum (d.p.c.) compact mouse morulae in the presence of 1 µM crotamine for 24 h and its uptake into developing blastocysts was evidenced by confocal microscopy ( Fig. 1A-C) . The number of compact morulae that developed into blastocysts was similar in both control and test groups ( Table 2) .
Cy3-crotamine uptake in vitro and in vivo
Cellular uptake of Cy3-crotamine at the non-toxic concentration of 1 µM was monitored by confocal microscopy after 5 min and 1, 3, 24, and 48 h treatment.
In vitro crotamine uptake was observed in human primary fibroblasts, lymphoblastic cells, murine embryonic stem (pluripotent and differentiated), and endothelial s-vec cells. Human fibroblasts were intensively labeled after 1 h of incubation with crotamine (Fig. 2A) ; supposedly dividing cells showed stronger signals (Fig. 2B, C) . The pluripotent murine ES cells showed strong fluorescence within the islands composed by rounded up, juxtaposed cells growing onto a feeder layer of inactivated mouse fibroblasts; some of the islands were weakly labeled (Fig. 2D,  E) . A weak background of fluorescent signals was seen in control ES cultures stained by Cy3 dye (Fig. 2F) .
In vivo uptake of crotamine was studied by intraperitoneal injection of Cy3-crotamine into CD-1 mice. After 3 h, cells isolated from bone marrow, spleen, and peritoneal liquid were allowed to adhere onto slides for 30 min and were fixed. Strong fluorescence was observed in peritoneal liquid cells (Fig. 2G-I ) and in bone marrow cells (Fig. 3E-G) . In control Cy3-injected mice, only weak background fluorescence was observed (data not shown).
The cells internalize crotamine within the first 5 min after its addition. The number of labeled cells did not seem to increase with longer exposure times to crotamine, which reached a maximum after about 3 h of treatment. Cell labeling was no longer detected 16-24 h after removal of fluorescent crotamine from the culture medium. Parallel experiments demonstrated that Cy3-conjugated crotamine was efficiently internalized at concentrations as low as 10 nM at 37 but not at 4°C.
Crotamine nuclear localization
Cy3-crotamine was visualized in the nuclear and perinuclear regions in different types of bone marrow cells (Fig. 3A-G) . DNA DAPI-staining partially overlapped the crotamine localization in the nuclei (Fig. 3C, D) .
When injection of non-labeled crotamine was followed by an injection of Cy3-crotamine, after another 15 min, the fluorescence could be seen restricted to the cytoplasm, preferentially to the perinuclear space, which indicated a saturation of binding sites by non-labeled crotamine within the nucleus (Fig. 3H) . The same results were observed in human fibroblast by treating the cells with non-labeled and Cy3-crotamine (data not shown).
During mitosis, Cy3-crotamine was visualized on the metaphase chromosomes in human lymphoblastic cells stained with DAPI ( Fig. 3I-K) . Interestingly, a differential longitudinal chromosome pattern was evidenced (Fig. 3I, inset) .
Nuclear localization of Cy3-crotamine was studied in unfixed cells. Three hours after crotamine injection into mice, cells from peritoneal liquid showed fluorescence in the cytoplasm and nuclei (Fig. 4A-C) . A partial overlap of DNA DAPI-staining and crotamine labeling was observed in the nuclei of unfixed bone marrow cells on slides mounted with DAPI/antifade solution and immediately analyzed under fluorescence microscopy (Fig. 4 D-F) .
Crotamine as a marker of centrioles and during the cell cycle
The Cy3-crotamine also seems to function as a marker of the centrosome cycle. Fig. 5A shows centrioles from peritoneal liquid cells labeled with Cy3-crotamine at different phases of cell cycle. To analyze the association of crotamine with centrioles in ES cells, we used anti-α-tubulin antibody to highlight out the spindle and the esters, small star-like structures formed by new microtubules growing out from centrosomes during mitosis (Fig. 5B) . Cy3-crotamine colocalizes with esters immunostained by anti-tubulin, indicating its centrosomes association (Fig.  5C ). In addition, Cy3-crotamine labels the chromosomes attached to the α-tubulin immunostained spindles (Fig. 5C ).
The processes of centrosome duplication and separation were observed in Cy3-crotamine-treated peritoneal liquid cells (Fig. 5D-S) . Initially, the centrioles pair and associated centrosome matrix were observed as a single complex (Fig. 5D-F) . In S/G 2 , the two centrioles could be seen as they started to move apart (Fig. 5G-L) . At metaphase (Fig. 5M-O) and anaphase (Fig. 5 P-S) , the centrioles were observed in the opposite poles. In S/G 2 phase the fluorescent signal appeared on the chromosomes (Fig. 5G-I ) and became very strong at metaphase (Fig. 5M-O) .
Crotamine as a marker of actively proliferating cells
The intensity of Cy3-crotamine cell labeling varied (Figs. 1A-E and 3E-G) . This finding was striking when ES cells were induced to differentiate through Ebs: A six-day monolayer culture of a differentiating Eb was treated with Cy3-crotamine for 24 h and undifferentiated ES cells within the Eb, which supposedly were actively proliferating, appeared strongly labeled (Fig. 6A) .
A 5-BrdU-proliferation assay was used to investigate whether crotamine preferentially labels actively proliferating cells in differentiating Ebs. Cy3-crotamine was added together with 5-BrdU into cultures of differentiating Ebs. 5-BrdU incorporation into DNA during replication was monitored by anti-BrdU antibody immunostaining. Although an intensive crotamine labeling was observed in the areas of actively proliferating ES cells as evidenced by 5-BrdU incorporation, a weak Cy3-fluorescence was seen in the areas of predominantly non-dividing cells (Fig. 6B-D) . Crotamine and 5-BrdU had a nuclear localization in the actively proliferating cells (Fig. 6E-G) , although overlapping was not complete (Fig. 6H) , indicating different sites of interaction of crotamine and 5-BrdU.
DISCUSSION
ES cells were used to study the toxicity of crotamine, a toxin from the rattlesnake venom. Crotamine in micromolar concentrations did not have any toxic effect on ES cells in vitro. We also demonstrated that it did not inhibit Ebs formation or ES cell differentiation into contracting myocardium and that it was non-toxic for developing mouse blastocysts.
We investigated crotamine internalization in vitro in different cell lines (human primary fibroblasts, lymphoblastic cells, murine embryonic stem, and endothelial s-vec cells), as well as in vivo in various cell types isolated from mouse. Internalization was always effective, and cells showed strong labeling within 5 min of treatment with Cy3-crotamine, a feature shared with other cell-penetrating proteins (46). Signals of similar intensities were observed in cells incubated with 1 µM Cy3-crotamine for 1-48 h. Cells incubated with Cy3-crotamine at concentrations as low as 10 nM were also rapidly and intensively labeled (data not shown).
Once internalized, Cy3-crotamine was observed in the perinuclear space and in the cell nucleus. Its nuclear localization was confirmed by DAPI staining and by a peptide competition assay demonstrating that Cy3-crotamine was not translocated into the nucleus when crotamine sites were previously saturated with non-labeled crotamine. Because fixation is known to produce artificial nuclear localization of cationic peptides (47) , crotamine penetration into the nuclei was studied in unfixed and fixed cells, and it was observed in both cases.
It is known that the nuclear translocation process resides on lysine-and arginine-rich nuclear localization signals (NLSs; 16, 17, [48] [49] [50] . The most frequent motif is one or two short segments enriched in positively charged amino acids, the precise sequence varying in different NLSs (51) , and whose presence is necessary but not sufficient for a peptide to display a nuclear localization activity (3). Because no sequence conservation among NLSs is apparent, shape and charge density seem to be determinants of the nuclear localization activity. Crotamine's three disulfide bridges may confer to this molecule a structural configuration and charge distribution that result in unique penetrating properties. Crotamine has two putative NLS motifs, Crot [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] (KQCHKKGGHCFPKEKIC) and Crot 27-39 (KMDCRWRWKCCKK), which could be responsible for its nuclear penetration activity or, alternatively, they both could constitute a bipartite signal, as in the case of nucleoplasmin (51) .
Crotamine was shown to bind to DAPI-stained and 5-BrdU-labeled metaphase chromosomes. It seems to bind to chromosomes in the S/G2 phase, and in G2/M phase, during chromosome condensation when the fluorescent labeling becomes evident on all chromosomes. At the end of telophase, crotamine is restricted to the cytoplasm. After 16-24 h of its removal from cell culture medium, crotamine is not detected in cells. In this regard, crotamine differs from herpes simplex VP22 protein, which also binds to chromatin after internalization and segregates to daughter cells (22).
Crotamine was also demonstrated to specifically associate with centrosomes by simultaneous anti-tubulin immunostaining and crotamine labeling of esters, thus allowing the position of the cell in the cell cycle to be assigned. As a centriolar marker, it appears as a tool to monitor unfixed human tumor cells characterized by abnormally high number of centrosomes (52) . Compared with penetrating peptides so far reported (1, (19) (20) (21) , only crotamine was shown to selectively label actively proliferating living cells, both in vivo and in vitro.
The mechanism of uptake of cationic cell-penetrating peptides is still unclear and has recently been critically re-evaluated concerning the involvement of endocytosis in the process (47, 53) . The inability of crotamine to penetrate into cells at a low temperature is indicative that the internalization of this protein involves endocytosis. Different toxins from bacteria and plants penetrate into cells using cellular mechanism or carrying their own translocation apparatus, but in both cases endocytosis is a requirement for penetration (54) . However, crotamine appears to have a complex penetration mechanism as evidenced by selective labeling pattern, which deserves further investigation.
Crotamine was characterized as a cell-penetrating protein with nuclear localization in vitro and in vivo. The nature of crotamine interaction with chromatin is unclear, but our morphological data indicate that the mechanisms involved differ from those of DAPI or 5-BrdU. It differs from other CPPs, thus crotamine was qualified as a marker of cell cycle based on the process of centrioles duplication and separation. Moreover, crotamine was shown to be a marker for actively proliferating cells. Table 2 Number of morulae that developed into blastocysts after exposure to 1 µM crotamine for 24 h.
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